The positioning error of a large cantilevered mass that is actuated at its supported end is minimized as this mass travels at challenging high speeds and accelerations. An integrated approach is adopted to realize the task.
Thesystem
The plan of the complete system is shown in Figure 1 . A motor is used to displace the cantilevered mass (magnified in Figure 2) along the x-direction by providing actuation to the mass's supported end (Side A). The cantilevered mass weighs about 450 kg and is extending along the y-dlrection as shown.
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The Problem in Simple Terms
The system described is used in Laser-Cutting. This cantilevered structure has been dictated to facilitate feeding the material to be processed. The mass travels along the X-direction and the laser-head travels along the mass in the Y-direction as shown in Figure 1 . Therefore, positioning every point of the cantilevered mass in the X-direction is essential for the positioning accuracy of the laser head in the Xdirection. That is, if the Y-position of the laser head is such that this head is located near the far end of the 0-7803 -7087-2/01/$10.00 0 2001 IEEE 3175 mass (i.e. Side B), one then needs to position Side B of the cantilever (not Side A). The structure (the cantilever carrying the laser head) is required to travel at a velocity of 150 d m i n and acceleration of 15 &sec2 (i.e. 1.5 gravity) in the X-direction, which are tough specifications in machine tool language.
Formalizing the problem
As a 1'' step it is useful to realize that the problem under consideration has its roots in traditional mechanical vibration literature [ 11. The similarity between our problem and that traditional problem might be disguised though. That is, as the system includes some structural flexibility, then the position of our system can only be completely specified if the positions of a number of its points are specified, and consequently we have a Multi Degree Of Freedom (MDOF) system in hand. In other words, the system is MDOF because of the existing energy storing (inertive and flexible) elements. Moreover, because of these elements the system can have as many natural fkequencies as its number of DOFs.
Exciting the system at its natural frequency means excessive oscillation and hence position error.
From a control system point of view, we have a system that has many independent outputs and as. many potential inputs. However, when only one of these inputs is utilized, as in our case, one can then only control one of these outputs, as the other output:; are dependent on that input as implied by the linking dynamics [4] . That is, one can only control one of thi: positions of the system. As discussed above, the aini is to minimize the error at all the independent positions of the system, not one of them.
Dynamic Model of the System
Systems dynamic responses consist of Rigid Body DynamicdModes and Elastic Dynamics / Modes. The easiest and most common way to dynamically model MDOF systems is achieved by using the 2 DOF model, as shown in Figure 3 without the 8 direction and the dotted part. The elastic element here is the coupling/link between the two masses. This model has a single elastic mode, whose undamped natural frequency is given by (1) In some cases one of masses can even be ignored compared to the size of the other one. This results in what is called vibration isolator, which can be active or passive (also base) isolation [l] .
Further, one can realize that our system consists of two main stages and thus two modules, each of which is similar to the one shown in Figure 3 . In more detail, the system consists of what we might call "power transmission stage" and "distributed mass stage". The lSt stage starts at the motor's stator and ends at the support carrying the cantilevered mass. The coupling between these two masses when idealized (i.e. omitting backlashes etc.) is the flexible element. The 2nd stage is the cantilevered mass, which has two flexible modes. One i s due to the flexibility of the linear bearing (i.e. rotation in the 8 direction in Figure 1 and Figure 3) and the other flexible mode(s) is the one due to the deflection ofthe mass itself in the free-body direction of motion.
Notice that the rotational elastic mode will be provoked because of the way the system is actuated. From mechanics fundamentals [3] one knows that the force (F) provided by the motor has to act at the mass's CG to enable the required displacement along the X-axis, hence the way the system is designed imposes a moment on the system as a side effect. See Figure 4 .
Each of the two stages of the system can be modelled as shown in Figure 3 , or for more accurate results they can be modelled as a higher DOF system. Having adopted a MDOF system model, Holzer's method provides the means to iteratively fmd the associated N modes and their shape [2]. In this case, a rough estimate of the modes wing the 2 DOF model approximation can be used to find an initial estimate of these modes. Rayleigh's method is an energy-based method that would also allow finding the modes if their shapes are assumed [51.
M e r e l y ' s method [ 1 ] is another method to realize the same result. These last two methods together place upper and lower limits on the mode frequencies.
It has been established that for our MDOF system we only have access to one input and one output, which is a Single DOF (SDOF) system. This SDOF sub-system will be of higher order (compared to a true SDOF system) because of the new mode(s) introduced via the associated extra DOF. The following points should be kept in mind * The dynamics between the input of the system and each of the outputs of the system can be * *
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identified using normal identification techniques [9] , as long as these outputs are measured. The dynamics of the DOFs that have no actuation can only be identified using some sort of impulse response experiment [9] , as the absence of an actual actuator will not allow a more thorough identification experiment, as all the parameters in either case are what are called "equivalent" parameters. That is, equivalent mass, spring or damper. The SDOF sub-system that is of higher order will be harder to identify/model as a SDOF system because of the extra energy-storing elements, especially the compliant ones. .
System-Generated Disturbances
Disturbances are uncontrolled inputs to the system from the environment that can influence any of the system variables (i.e. inputs, outputs or the state variables) or parameters. These inputs are distinguished from the normal system inputs by the fact that they can influence the system, but the system or even its controller cannot change (or influence) them. These disturbances might have their own dynamics. Therefore, from the point of view oltheir mfluence (effect), system disturbances can be classified as input, output, state-variable or parameter disturbances. On the other hand, from the point of view of their physical source (cause), system disturbances can be classified as supply, loads, processing, numerical or measurements disturbances.. See Franklin [7] , or any basic control-system book for rephrased definitions.
We believe that one fundamental problem here is what can be called "System-Generated " disturbance. This disturbance is generated when one (or more) variable changes in a wrong manner, this can lead to unexpected change in the load variables and thereby cause supply, load, measurement etc disturbancs. Still this disturbance eventually influences systen variables and will be caused by load or measurement.
In our specific system, or actually in the case of any motion system, "wrong" means non-smooth that leads to sudden application of force (i.e. jerk). This can happen if position command does not have a continuous 2"d derivative or the actuation signal is changing suddenly. In this case X, will suffer from sudden Jerk that will be transmitted to the 2nd Mass. Backlashes (which always exist) will make the situation worse as the sudden force will then be transformed to impacts. 
System Design
In our system, if system-generated disturbances are avoided, the elastic modes are the ones that are really creating a MDOF system. It is obvious by now that the 1' ' step to be adopted to minimize positioning error is to raise the rigidity of the system whenever possible, and hence reduce DOFs of the system. That is, a linear motor together with a linear position sensing device (encoder) are to be used, rendering the flexible element of the "power transmission slage" a magnetic one rather than mechanical. This also means that the end point of that stage is measured and a control loop is closed around it, which provides better disturbance rejection capabilities.
The linear motor used is from SIEMENS with model number "1FN1 124-5 F71". This motor can provide a thrust of up to 500Kg at 10Omlmin. A Raineshaw linear encoder is used to measure the position of the translator of the linear motor in the Xdirection. The distance between two gratings of the linear strip is 20pm. This means that every displacement of 20pm the encoder head delivers two analog sinusoidal signals that are 90 electrical degrees phase shifted from each other. Therefore, the scale value (resolution) of position sensing can be 20pm and can also be increased as much as the sampling rate, speed of motion and computation allow.
For the "distributed mass stage" the dimension of the cantilever and the shape of its relevant crosssection are selected such that the moment of inertia is
*Measured Position maximized around the relevant axes [3]. An
accelerometer is also used to measure the vibration of the far end of the cantilevedarm, as this far end is the point that has maximum vibration amplitude [ 13. In this work this accelerometer is not used for control purposes.
The Solution
The traditional remedy to the problem is a mechanical one, which is mainly based on adding more energy storing (inertive and flexible) elements to shift the natural frequency(s) of the system to a more desirable location. This is usually called vibration absorption 121. The concept of this traditional solution is illustrated with dotted lines in Figure 3 . That is, one increases the number of system modes (natural frequencies) by one whilst shifting these natural frequencies away from some range that is considered to be critical for the operating condition in-hand. This technique is unlikely to be used in this case as placing additional spring and mass in the direction of concern is impractical. Here instead we used the controlled mass (i.e. the bandwidth of the power transmission stage) to act as the tuning znd DOF. Although changing the bandwidth of the power-transmission stage managed to shift the natural-frequency of the "distributed-mass stage", this change was not sufficient, as the command signals had a wide bandwidth.
Posing the problem as discussed above is one step (may be an important one) in the solution. The solution is then based on:
* Proper system design that would raise rigidity, as discussed above.
* Proper design of high-bandwidth closed-loop controller.
* Avoiding system-generated disturbance.
* Rejecting disturbances using a disturbance observer. Avoiding system-generated disturbance is achieved using N U M techniques [9] . Briefly these techniques will guarantee that position commands to (and consequently the generated force (F) and moment (M) from the motor) are never jerky (in the 2nd derivative sense) and hence system-generated disturbances are avoided. This is achieved by maintaining continuity of curvature of the desired trajectories. Again, notice that the distributed mass stage runs in an open loop fashion and thereby is very sensitive to the quality of the commands. InputKommand shaping is a method that has been actively used recently for elimination of residual vibrationr10-111. Response -Before and After the Proposed Considerations.
Some disturbances will still be generated one way or the other and these disturbances will be treated using a disturbance observer. This observer is illustrated in Figure 5 . The "process block in the figure is the "power transmission stage". Recall that normal control loop(s) are also used for disturbance rejection [6, 71. Disturbance observers are used, however, to detect specific disturbances that can be modelled and then compensate for it 4. The most common disturbance is a step disturbance and the observer used to look after this disturbance has been used previously in motion control 1121. In the current context the disturbance observer is designed to cope with step disturbances and also disturbances at the natural frequencies of the system. Also, the used disturbance observer is augmented with an input from the reference signal to provide some predictive capability that reduces the remainder of the systemgenerated disturbance. Figure 6 shows the influence of the aforementioned three considerations from the frequency point of view. The figure is a comparison between closed-loop frequency response curves of the power transmission stage of two different cantilevers. That is, position response of Side (A) of the cantilever to actuation signal. The curve with the wider bandwidth is the one that employs lineaddirect drive together with the system design rigidity considerations discussed above. The structure that was used prior incorporating these system design consideration:; employs conventional drive, and its frequency response curve is the one with lower bandwidth. . . Figure 7 shows the position error at the actwed side of the structure before incorporating the proposed solution. One can see the oscillation that happens at the natural frequency of the structure (about 27 Hz). This oscillation is miniature in magnitude but it shows itself on the final product due to the optical effects, which makes the product unacceptable. This oscillation has been eliminated using the proposed solution, as illustrated in Figure 8 .
Experimental Validation
The same undesirable oscillation showed itself at the free end (i.e. Side B), as Figure .9 shows. This is shown for the same position command. Incorporating the proposed solution allowed eliminating these oscillations, as shown in Figure 10 
Conclusions
The work integrates a number of considerations to minimize position error of every point of the actuated described structure. The details of these considerations are treated in more detail in other works. The solution has been tested at challenging high velocity and acceleration.
Viewing the systems as MDOF allows proper mechanical design. Furthermore, experiments show that system-generated disturbances had the highest contribution to the positioning error of various points of the structure.
In many cases it nlight be easy to have access to both outputs (ie of the actuated and the non-actuated masses). This, however, does not change the situation dramatically. Controllability will only be improved when we have access to 2"' independent input, ie being able to actuate the Znd mass. Theory and experiments show that the free end of the structure lags in response to the actuated side of the structure. Therefore, a control loop that is based on measuring the free end of the structure would allow incorporating some predictive (lead) action in a more systematic way.
